The frequency of cardiac rhythm abnormalities and their risk factors in community-dwelling adults are not well characterized.
A
bnormalities of cardiac rhythm are associated with substantial morbidity and economic costs. Atrial fibrillation affects at least 2.3 million people in the United States alone and is associated with increased risks of stroke and mortality. [1] [2] [3] [4] [5] About 90 000 cases of supraventricular tachycardia are detected annually in the United States, 6 and ≈25% of all emergency department visits for supraventricular tachycardia result in hospitalization. 7 Bradyarrhythmias and other forms of conduction disease may cause syncope, fatigue from chronotropic incompetence, or sudden death from asystole or ventricular tachycardia. 8 Ventricular arrhythmias are thought to cause 75% to 80% of cases of sudden cardiac death, which are estimated to result in 184 000 to 450 000 lives lost in the United States per year. 9, 10 Although previous studies have characterized the prevalence and incidence of selected rhythm abnormalities, including atrial fibrillation, supraventricular arrhythmias, and ventricular arrhythmias, a robust description of the overall rhythm condition profile encountered among adults is lacking. The UK Biobank is a prospective study of ≈500 000 individuals from the United Kingdom with detailed characterization of medical conditions and risk factors and longitudinal follow-up. 11 With its large size, prospective design, and systematic data ascertainment, the UK Biobank provides an opportunity to examine the contemporary frequency of and risk factors for cardiac rhythm abnormalities in the community.
In this study, we leveraged the UK Biobank to determine the age-and sex-stratified prevalence and incidence of cardiac rhythm abnormalities and provide a benchmark of the contemporary extent of rhythm conditions in the community. We contrasted the frequency of rhythm abnormalities across broad subclasses, including atrial fibrillation, bradyarrhythmias, conduction system diseases, supraventricular arrhythmias, and ventricular arrhythmias. We then assessed associations between selected clinical factors and incident rhythm abnormalities.
METHODS
Individual level data from individuals described in this analysis are available to approved investigators by application to the UK Biobank (www.ukbiobank.ac.uk).
Study Population
The UK Biobank is a publicly available population-based prospective cohort of 502 627 participants recruited between 2006 and 2010 in the United Kingdom primarily established to investigate the genetic and lifestyle determinants of a wide range of diseases of middle and later life. 12, 13 Approximately 9.2 million individuals aged 40 to 69 years who lived within 25 miles of the 22 assessment centers in England, Wales, and Scotland were invited, and 5.4% participated in the baseline assessment. Individuals who were invited but elected not to participate tended to be younger, men, more socioeconomically deprived, and with fewer self-reported health outcomes.
14 Extensive questionnaire data, physical measures, and biological samples were collected at recruitment, with ongoing enhanced data collection in large subsets of the cohort, including repeated assessments, genotyping, biochemical assays, web-based questionnaires, physical activity monitoring, and multimodal imaging. All participants are followed up for health outcomes through linkage to national electronic healthrelated data sets. Participants provided written informed consent to participate in research as previously described. 12 The UK Biobank was approved by the UK Biobank Research Ethics Committee (reference number 11/NW/0382). Use of UK Biobank data was approved by the local Partners Healthcare Institutional Review Board.
Baseline Clinical Characteristics
Baseline age, sex, race (white or nonwhite), and body mass index were obtained from the initial assessment visit. Potential clinical factors for rhythm abnormalities were chosen a priori and included hypertension, hyperlipidemia, diabetes mellitus, chronic kidney disease, obstructive sleep apnea, asthma, chronic obstructive pulmonary disease, hyperthyroidism, hypothyroidism, depression, venous thromboembolism, peripheral arterial disease, stroke, coronary artery disease, and heart failure. Each clinical factor was defined by either self-reported questionnaire at the initial assessment visit or at least 1 International Statistical Classification of Diseases, Ninth or Tenth Revision (ICD-9 or ICD-10) code for the condition as a primary diagnosis, secondary diagnosis, or cause of death in a linked medical encounter.
The presence of tobacco use was ascertained using selfreported questionnaires at the initial assessment visit, with smoking status classified categorically as current, previous, or never. Participants with at least 1 ICD-9 or ICD-10 code indicating active tobacco use during a linked medical encounter (eg, toxic effect of tobacco and nicotine) were classified as current smokers. Alcohol use frequency was ascertained using self-reported questionnaires at the initial assessment visit, which we further classified categorically as frequent (corresponding to daily or almost daily drinking), occasional (corresponding to drinking 1×-4× per week), or infrequent (corresponding to drinking 1×-3× per month or fewer). We
WHAT IS KNOWN?
• Abnormalities of cardiac rhythm are associated with substantial morbidity and economic costs.
WHAT THE STUDY ADDS?
• Abnormalities of cardiac rhythm are prevalent in community-dwelling adults, affecting >2% of individuals.
• Incident cardiac rhythm abnormalities occur at a rate of 0.5% per year, similar to rates of stroke, myocardial infarction, and heart failure.
• Risk of incident rhythm abnormalities is increased in the setting of older age, male sex, traditional cardiac risk factors, chronic kidney disease, and heart failure.
also classified participants with at least 1 ICD-9 or ICD-10 code indicating active alcohol use during a linked medical encounter (eg, delirium tremens) as frequent alcohol users. A complete list of clinical factor definitions can be found in Table I in the Data Supplement.
Rhythm Abnormality Definitions
We defined 6 classes of rhythm abnormalities a priori for the purposes of our analysis: atrial fibrillation (or flutter), bradyarrhythmias, conduction system diseases, supraventricular arrhythmias, ventricular arrhythmias, and any rhythm abnormality (defined as at least one of the aforementioned rhythm abnormalities). Prevalent rhythm abnormalities were based on self-report on the initial assessment visit questionnaire, at least 1 ICD-9 or ICD-10 code for the condition listed as either a primary diagnosis, secondary diagnosis, or cause of death for a linked medical encounter, or occurrence of a relevant procedure for a particular rhythm abnormality (eg, pacemaker insertion for bradyarrhythmias, cardioversion or catheter ablation for atrial fibrillation, accessory pathway ablation for supraventricular arrhythmia). Abnormalities in rate or rhythm resulting in pathologically slow ventricular response were classified as bradyarrhythmias while isolated conduction abnormalities without derangements of rate or rhythm were classified as conduction system diseases. The supraventricular arrhythmia definition included all individuals with atrioventricular preexcitation (n=107), or Wolff-Parkinson-White pattern, given the clinical importance of risk stratifying such individuals, and because >80% also had a concominant code for supraventricular arrhythmia or preexcitation syndrome.
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A complete list of rhythm abnormality definitions can be found in Table II in the Data Supplement. Because some abnormalities included in our rhythm condition definitions may confer limited clinical significance (eg, first-degree atrioventricular block, fascicular block, premature atrial depolarizations, premature ventricular depolarizations, etc), we performed a secondary analysis in which we included only defining features we considered of highest clinical relevance (Table III in the Data Supplement). For the purposes of this analysis, the definitions of atrial fibrillation and bradyarrhythmias were unchanged, and isolated conduction system diseases were excluded.
Because manual validation of the conditions is not possible in the UK Biobank, we performed manual validation of our rhythm abnormality definitions in the Partners HealthCare System Research Patient Data Registry, an independent electronic health record data warehouse spanning ≈7 million individuals and several Partners affiliated hospital systems in the United States. 16, 17 We adapted rhythm abnormality definitions used in the UK Biobank for use in the Partners HealthCare sample by mapping procedural codes to corresponding Current Procedural Terminology codes and retaining ICD-9 and ICD-10 codes. We did not include any self-reported features in the Partners HealthCare system. We then randomly selected 50 records within each of the 5 main rhythm abnormality subclasses (total n=250 records) from a sample of 66 661 ambulatory adults treated within the Partners HealthCare system between 2013 and 2014 with outpatient visits in both calendar years and manually adjudicated the entire medical record for the presence of the abnormality in question. The positive predictive values of our definitions for atrial fibrillation, bradyarrhythmias, conduction system diseases, supraventricular arrhythmias, and ventricular arrhythmias in the Partners sample were 92%, 80%, 97%, 82%, and 84%, respectively, which we considered sufficient for further analysis.
Follow-Up and Censoring
We classified incident rhythm abnormalities as not having the abnormality at baseline but subsequently meeting the criteria during the study period. For each participant, person-time began at the initial assessment visit and lasted until the last known ascertainment of the earliest of death or last follow-up (ie, February 9, 2016, for participants enrolled in Wales, February 16, 2016 , for participants enrolled in England, and October 31, 2015, for participants enrolled in Scotland). Participants were presumed to be alive at last follow-up if there was no preceding report of death in the death register. For analyses of incident rhythm abnormalities, follow-up was censored at the earliest of either last known follow-up or development of the rhythm abnormality in question.
Statistical Analysis
We tabulated the prevalence of rhythm abnormalities by dividing the number of individuals with an event at baseline enrollment by the number of eligible individuals, which we stratified by age (<55, 55-65, >65 years, with cut points chosen to approximate tertiles of the age distribution) and sex. We estimated the incidence rate of rhythm abnormalities by dividing the number of incident events by the total person-time observed within the same age and sex strata. For prevalence and incidence calculations, individuals meeting criteria for multiple rhythm abnormality subclasses were counted within each relevant subclass. Confidence intervals (CIs) were estimated using an exact method. To determine clinical factors associated with the development of incident rhythm abnormalities, we performed multivariable Cox proportional hazards regression in which we regressed the presence of any incident rhythm abnormality, as well as each subclass separately (ie, atrial fibrillation, bradyarrhythmias, conduction system diseases, supraventricular arrhythmias, and ventricular arrhythmias), on potential risk factors. Potential risk factors included age, sex, race, body mass index, tobacco use, alcohol use, hypertension, hyperlipidemia, diabetes mellitus, chronic kidney disease, obstructive sleep apnea, asthma, chronic obstructive pulmonary disease, hyperthyroidism, hypothyroidism, depression, venous thromboembolism, peripheral arterial disease, stroke, coronary artery disease, and heart failure. Models were generated using a complete case analysis approach (see Figure  I in the Data Supplement for a CONSORT diagram). For each model, the Cox proportional hazards assumption was assessed by inspecting Schoenfeld residuals. In an exploratory analysis, we repeated the above modeling using obesity as a categorical variable rather than body mass index. In a second exploratory analysis, we regressed the incidence of each rhythm condition subclass on prevalent rhythm abnormalities of a different subclass. We considered associations between potential risk factors and incident rhythm abnormalities to be significant if the 2-sided P value was <0.05. All analyses were performed using R v.3.2.2, including the epitools and survival packages.
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RESULTS
Of the 502 627 individuals included in these analyses, the median age was 58 years (interquartile range, 50-63), 94.1% were white, and 54.4% were women. Median follow-up was 7.0 years (interquartile range, 1.4) for the overall sample and was similar within each age stratum (7. Table 1 .
Within the overall cohort, 11 805 (2.35%; 95% CI: 2.31-2.39) individuals had a rhythm abnormality at baseline. The baseline prevalence of atrial fibrillation, bradyarrhythmias, conduction system diseases, supraventricular arrhythmias, and ventricular arrhythmias was 1.54% (95% CI: 1.50-1.57), 0.42% (95% CI: 0.40-0.44), 0.28% (95% CI: 0.26-0.29), 0.43% (95% CI: 0.41-0.45), and 0.22% (95% CI: 0.21-0.23), respectively. The age-and sex-stratified prevalence of any rhythm abnormality and the component subclasses is displayed in Table 2 and Figure 1 . Overall, rhythm abnormalities were more prevalent at older ages, with 1857 individuals (0.96%; 95% CI: 0.91-1.00) aged <55 years (minimum age, 37 years) and 4652 individuals (4.84%; 95% CI: 4.71-5.00) aged ≥65 years (maximum age, 73 years) affected by a rhythm abnormality.
In secondary analyses restricted to rhythm abnormalities of highest clinical relevance, the prevalence of any rhythm abnormality, bradyarrhythmias, supraventricular arrhythmias, and ventricular arrhythmias was 2.15% (95% CI: 2.11-2.19), 0.42% (95% CI: 0.41-0.44), 0.42% (95% CI: 0.40-0.44), and 0.19% (95% CI: 0.18-0.21). The age-and sex-stratified prevalence of rhythm abnormalities of highest clinical relevance is listed in Table IV in the Data Supplement.
Among the 490 822 participants without a prevalent rhythm abnormality, 15 906 cases of an incident rhythm condition developed over 3 368 332 person-years of follow-up (4.72 cases per 1000 person-years; 95% CI: 4.65-4.80). The specific incidence rates of atrial fibrillation, bradyarrhythmias, conduction system diseases, supraventricular arrhythmias, and ventricular arrhythmias were 3.11 (95% CI: 3.05-3.17), 0.89 (95% CI: 0.86-0.92), 1.06 (95% CI: 1.02-1.09), 0.51 (95% CI: 0.48-0.53), and 0.57 (95% CI: 0.55-0.60) cases per 1000 personyears, respectively. The age-and sex-stratified incidence rates of any rhythm abnormality and the component subclasses are listed in Table 3 and depicted in Figure 1 .
In secondary analyses restricted to rhythm abnormalities of highest clinical relevance, the specific incidence rates of any rhythm abnormality, supraventricular arrhythmias, and ventricular arrhythmias were 3.99 (95% CI: 3.93-4.06), 0.48 (95% CI: 0.46-0.51), and 0.49 (95% CI: 0.46-0.51) cases per 1000 person-years, respectively. Overall, these rates were similar to those of the more broadly defined rhythm abnormality definitions. The age-and sex-stratified incidence rates of rhythm abnormalities of highest clinical relevance are listed in Table V in the Data Supplement.
In multivariable-adjusted analyses among individuals without a prevalent rhythm abnormality, many clinical factors were associated with incident rhythm condi- 
01).
In models in which we examined associations with specific rhythm condition subclasses, the risk factor profiles were qualitatively similar among the different subclasses although some notable differences in risk factor profiles were observed. For example, male sex was strongly associated with atrial fibrillation, bradyarrhythmias, conduction system diseases, and ventricular arrhythmias, but only marginally with supraventricular arrhythmias. The complete results of multivariable Cox proportional hazards modeling for each subclass of rhythm abnormality are listed in online Table VI in the Data Supplement and depicted in Figure 2 . The results of an exploratory analysis using obesity rather than body mass index are presented in Table VII in the Data Supplement. The results of a second exploratory analysis examining the association between prevalent and incident rhythm abnormalities of different subclasses are presented in online Table VIII 
DISCUSSION
In a contemporary prospective cohort of >500 000 community-dwelling middle-aged to older adults with >3 million person-years of follow-up, we observed that 1% of participants <55 years had a prevalent rhythm abnormality, with ≈5% aged 65 to 73 years of age affected. Among individuals without a baseline rhythm abnormality, ≈16 000 incident abnormalities developed during follow-up, corresponding to a rate of ≈5 events per 1000 person-years. The majority of new rhythm abnormalities comprised atrial fibrillation, bradyarrhythmias, and conduction system diseases. Risk factors for rhythm abnormalities included older age, male sex, white race, and multiple cardiovascular comorbidities, with largely similar profiles among rhythm condition subtypes.
Whereas most other large observational studies have primarily focused on a specific common arrhythmia such as atrial fibrillation, 2, 19 our study provides a comprehensive assessment of the spectrum of rhythm abnormalities in the community. We observed that rhythm abnormalities are common and that the incidence rises substantially with age. Over a median of 7 years of follow-up, rhythm abnormalities developed at a rate of ≈0.5% per year. The frequencies we observed support the growing recognition of rhythm abnormalities as a major public health problem 19, 20 and are comparable to rates of other important cardiovascular diseases, including stroke, nonischemic cardiomyopathy, and acute myocardial infarction. 1 The prospective and community-based nature of the UK Biobank enabled us to contrast the relative frequency of cardiac rhythm condition subclasses and illustrated that atrial fibrillation, bradyarrhythmias, and conduction system diseases are the most common rhythm abnormalities in the community. The rate of atrial fibrillation of 3.11 cases per 1000 person-years we observed is comparable to that reported by Miyasaka et al, 21 who reported an age-and sex-adjusted incidence of atrial fibrillation of 3.68 per 1000 person-years. The prevalence of atrial fibrillation we observed is also consistent with the prevalence reported in a recent study using the UK Biobank although this study did not report the incidence of new atrial fibrillation. 22 We also observed that the incidence of bradyarrhythmias was substantial, with 0.89 cases per 1000 person-years overall and 2.86 cases per 1000 person-years among men aged 65 to 73 years. The incidence of bradyarrhythmias we observed is consistent with recent data demonstrating that sick sinus syndrome (which was included in the bradyarrhythmia subtype in our study) occurred with an incidence of ≈1 case per 1000 person-years. 20 Consistent with previous findings, 6 supraventricular and ventricular arrhythmias were less common.
Our findings highlight the importance of selected clinical factors in the development of cardiac rhythm abnormalities. Consistent with previous findings, age and sex emerged as important risk factors for incident rhythm conditions. 19, 21 Prevalent heart failure conferred the greatest magnitude of risk for rhythm abnormalities, which may reflect the known relationship between rhythm abnormalities and worsening structural heart disease. 10 Similarly, hypertension and coronary artery disease, both known factors in the development of cardiac remodeling, were associated with incident rhythm abnormalities. 23 The association between both chronic obstructive pulmonary disease and sleep apnea with rhythm abnormalities highlights the important interplay between cardiac and pulmonary physiology in the development of rhythm conditions. Chronic kidney disease also was prominently associated with incident rhythm abnormalities, which may be related to increased risk of electrolyte derangements, or perhaps secondarily with renal dysfunction affecting blood pressure and cardiac remodeling. 24 By comparing across rhythm condition subtypes, our analyses enabled comparisons of the relative importance of risk factors for each subclass of rhythm abnormality. Overall, risk factors for atrial fibrillation, bradyarrhythmias, conduction system diseases, and ventricular arrhythmias were similar, with age, male sex, Figure 1 . Frequency of cardiac rhythm abnormalities stratified by age and sex. Plot depicting (A) age-and sex-stratified baseline prevalence, and (B) age-and sex-stratified incidence rates of rhythm abnormalities during the study period. The minimum age in the age <55 y stratum was 37 y, and the maximum age in the ≥65 y stratum was 73 y.
and factors related to structural heart disease, including hypertension, coronary artery disease, and heart failure predominating. Chronic obstructive pulmonary disease also appeared to be associated with increased risk of rhythm abnormalities in general, whereas sleep apnea appeared to be most significantly related to atrial fibrillation and supraventricular arrhythmias. 25 Consistent with other studies, white race was associated with atrial fibrillation. 26 Our risk factor analysis also suggests that supraventricular arrhythmias may have a distinct risk factor profile and may be less influenced by sex, hypertension, or coronary artery disease. 27 Our results also implicate an important role for lifestyle factors in the development of rhythm abnormalities. For example, frequent alcohol consumption (generally defined as daily or almost daily drinking) was associated with increased risk of atrial fibrillation but was not associated with other rhythm condition subtypes. 28 Our findings highlight an association between current smoking and ventricular arrhythmias. Some data suggest that tobacco use may result directly in abnormal repolarization and arrhythmogenesis. 29 Further studies investigating the role of other lifestyle variables, including diet and exercise, may further clarify the relationships between modifiable risk factors and abnormalities of cardiac rhythm.
Our study should be interpreted in the context of the study design. First, although our study was based on a large and prospective cohort, the findings may not be generalizable to all populations owing to methods of enrollment and geographic specificity. The UK Biobank excluded younger adults and children and included healthier and less socioeconomically deprived individuals who were predominantly white and living in the United Kingdom. 13, 14 Nevertheless, the frequencies of rhythm abnormalities we observed were consistent with previous findings. 6, 20, 21 Second, although our phenotype definitions were similar to those used in other large cohort studies, 30 the partial reliance on hospital diagnosis codes for ascertainment of exposures and outcomes introduces some inherent misclassification into our analysis and limits our ability to verify the clinical significance of the conditions. Manual adjudication of charts in an independent ambulatory sample using our rhythm abnormality definitions revealed high positive predictive values despite the facts that the samples are from different continents and healthcare systems, and traditional cardiac risk factors were more prevalent in the validation set. Third, follow-up in the cohort is currently limited, precluding our ability to estimate long-term risks of rhythm abnormalities. Fourth, some rhythm abnormalities included in our study may confer limited clinical significance. However, a sensitivity analysis restricted to abnormalities with highest clinical relevance demonstrated similar prevalence and incidence rates. Fifth, lack of granular data on alcohol and tobacco use limits our ability to precisely quantify the effects of these substances on development of rhythm abnormalities. Sixth, our observational study describes factors associated with incident rhythm abnormalities, but we cannot exclude residual confounding and cannot establish causal relations. In summary, we estimated the frequency of cardiac rhythm abnormalities in a large prospective cohort including >500 000 community-dwelling middle-aged and older adults. The frequency of rhythm abnormalities in the UK population is substantial and comparable to rates of incident stroke, acute myocardial infarction, and heart failure. The majority of rhythm abnormalities are comprised atrial fibrillation, bradyarrhythmias, and conduction system diseases. Future efforts to quantify the aggregate morbidity and economic costs attributable to abnormalities of cardiac rhythm will enable a broader understanding of the total public health burden imposed by these common conditions. 
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